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A solution for sampling position errors in maize and soybean root mass
and length estimates
Abstract
Root mass and length attributes are difficult to obtain in the field and currently there is uniformity among
literature studies in estimating the effect of sampling position error. With the objectives of 1) quantifying the
sampling position error in calculating weighted average root values per unit area and 2) developing an
algorithm to minimize root position sampling error so that existing data in the literature can be used in future
studies, we collected and analyzed root mass and length data across four sampling positions (0, 12, 24 and 36
cm distance from the plant row; row-to-row spacing 76 cm) from two maize and two soybean fields in central
Iowa, USA. In-row sampling position (i.e., 0 cm from the plant row) over-estimated root mass and length by
66% and 46% for maize and soybean, while cores taken in the middle of plant rows (i.e., 36 cm from the plant
row) under-estimated root mass and length by 34% and 23% for maize and soybean. As sampling distance
from the plant row increased from 0 to 36 cm, maize root mass declined four times faster than soybean, while
root length declined at almost the same rate between crops. Sampling 10 cm from the plant row provided the
closest estimate to the weighted average value in both crops. We developed a new algorithm that predicts
weighted average root attributes values with a R2 of 0.93 for mass and a R2 of 0.70 for length. The algorithm
requires two user inputs (the measured root attribute value and the distance from the plant row). The new
algorithm was tested across diverse environments, cultivars, and management practices and proven accurate
for subsequent use (R2 = 0.70 and R2 = 0.87 for mass and length). This study provides guidance to
strategically sample roots in future row crop research and an algorithm to eliminate sampling position bias in
existing data.
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A B S T R A C T
Root mass and length attributes are diﬃcult to obtain in the ﬁeld and currently there is uniformity among
literature studies in estimating the eﬀect of sampling position error. With the objectives of 1) quantifying the
sampling position error in calculating weighted average root values per unit area and 2) developing an algorithm
to minimize root position sampling error so that existing data in the literature can be used in future studies, we
collected and analyzed root mass and length data across four sampling positions (0, 12, 24 and 36 cm distance
from the plant row; row-to-row spacing 76 cm) from two maize and two soybean ﬁelds in central Iowa, USA. In-
row sampling position (i.e., 0 cm from the plant row) over-estimated root mass and length by 66% and 46% for
maize and soybean, while cores taken in the middle of plant rows (i.e., 36 cm from the plant row) under-
estimated root mass and length by 34% and 23% for maize and soybean. As sampling distance from the plant
row increased from 0 to 36 cm, maize root mass declined four times faster than soybean, while root length
declined at almost the same rate between crops. Sampling 10 cm from the plant row provided the closest esti-
mate to the weighted average value in both crops. We developed a new algorithm that predicts weighted average
root attributes values with a R2 of 0.93 for mass and a R2 of 0.70 for length. The algorithm requires two user
inputs (the measured root attribute value and the distance from the plant row). The new algorithm was tested
across diverse environments, cultivars, and management practices and proven accurate for subsequent use
(R2=0.70 and R2= 0.87 for mass and length). This study provides guidance to strategically sample roots in
future row crop research and an algorithm to eliminate sampling position bias in existing data.
1. Introduction
Root mass and length data are rare in the literature but are im-
perative to understand soil-plant-atmosphere interactions and crop
adaptation to changing environments (Hirte et al., 2018). Among the
few published data, there are substantial inconsistencies in the mea-
surement protocols and assumptions used to calculate root attributes at
the unit area level (e.g., weighted averages of mass roots per area) that
are relevant for soil and crop modeling as well as other agronomic as-
sessments. This problem exists because of the laborious nature of root
measurements in the ﬁeld that limits the number of root samples across
space and time (Oikeh et al., 1999; Paez-Garcia et al., 2015). Further-
more, individual soil cores are extrapolated to unit areas by assuming
root uniformity across sampling positions in row crops (Maeght et al.,
2013; Nichols et al., 2016; Dietzel et al., 2017). Such an assumption
may be valid when the objective is to compare diﬀerent treatments,
such as crop cultivars, but not valid when the objective is to quantify
carbon budgets, root/shoot ratios, calibrate simulation crop models, or
compare root estimates across diﬀerent studies (Amos and Walters,
2006; Fan et al., 2016).
A review of literature for 76 cm spaced maize and soybean crops (a
widely used row-spacing in maize and soybean systems in the U.S. Corn
Belt) revealed a substantial variation in root sampling position
(Table 1). About 70% of the studies used 1–2 sampling positions and
30% of the studies used 3–4 sampling positions. The position of the root
sampling substantially inﬂuences unit area extrapolations of root at-
tributes, the weighted average. For example, Anderson (1988) showed a
two-fold diﬀerence in maize root mass estimation from 0 cm (within-
row) to 36 cm (between-row).
The inherent bias introduced by sampling position could be mini-
mized if relevant information existed to guide sampling position in
future studies and algorithms were created to correct for sampling
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position bias in past studies. Our review indicates that there are few
studies (Gajri et al., 1994; Qin et al., 2006; Li et al., 2017) that provide
guidance on ideal sampling position to obtain representative root mass
estimates per unit area, however, as Table 1 shows, this guidance is
rarely followed. Moreover, we did not ﬁnd any algorithms in the lit-
erature to correct for sampling position bias in existing data. That limits
our ability to leverage existing data to inform future studies.
To address the gap we conducted a ﬁeld study where we collected
and analyzed root data taken from diﬀerent positions in maize and
soybean row crops. Our objectives were:
1) Quantify the error introduced by sampling position in unit area
estimations of roots traits to guide future sampling eﬀorts
2) Develop an algorithm to correct for sampling position bias so ex-
isting data in the literature can be re-used in future studies
We selected maize and soybean crops for this work for three rea-
sons. First, these crops together contribute more than $50 billion per
year to the US economy (Hatﬁeld et al., 2014), and occupy about 73
million hectares of the US cropland (USDA NASS, 2017). Second, both
crops are commonly grown at 76 cm rows apart, thus the sampling
position eﬀect is unavoidable. Third, they are morphologically diﬀerent
crops in their root system structure and architecture; maize has seminal
roots and soybean has a taproot system from which primary and sec-
ondary roots grow and they are distributed along the length of the main
root (Lersten and Carlson, 2004; Qi et al., 2012).
2. Materials and methods
2.1. Site description
Four ﬁeld experiments (two maize and two soybean) were con-
ducted at two sites in Central Iowa, USA during the 2017 growing
season. The Kelley site (42°01′16″N, 93° 46′32.5″W) has a silty clay
loam soil and subsurface drainage system at 1.1 m depth to remove
excess moisture. The Kelley site has been under no-till management
since 2009. The Boone site (41°55′13.9″N, 93°45′00.1″W) has a loam
soil without subsurface drainage. The Boone site is managed with
conventional tillage. Both sites have approximately the same weather as
the distance is about 10 km apart. Over the growing season the average
temperature was 20 °C with a total of 510mm of precipitation.
2.2. Experimental site description
At each site, experimental plots were established in a maize-soybean
rotation with three replications (n= 2 crops x 2 sites x 3 replica-
tions= 12 plots). Each plot was 1664m2 and 778m2 for Kelley and
Boone sites, respectively. The row spacing was 76 cm for both crops,
while plant density was about 8.4 pl m−2 in maize and 30 pl m−2 in
soybean plots. The same cultivars were used in both sites, a maize
hybrid of 111-day relative maturity, Pioneer P1197AMXT, and a 3.2
maturity group soybean, Pioneer P32T16R. Planting dates were April
24th for maize and May 8th for soybean at the Boone site; at Kelley
maize was planted on May 15th and soybean on May 30th. The maize
plots received nitrogen fertilizer of 168 kg N ha−1 according to uni-
versity guidelines for a maize-soybean rotation cropping system
(Sawyer et al., 2006). No nitrogen fertilizer was applied to soybeans.
Other nutrients and pH were at optimum levels according to university
recommendations (Mallarino et al., 2013).
2.3. Root sampling
We collected root samples about two weeks after physiological
maturity (October 3rd) to a depth of 60 cm. This sampling depth was
chosen because earlier measurements indicated that the variation in
root attributes between sampling positions mostly occurs in the top
60 cm (see Fig. S2). A hydraulic probe was used to sample soil cores
with 6.20 cm diameter (Giddings Machine Company, Windsor CO,
USA). Four samples were taken at 0, 12, 24, and 36 cm distance from
the plant row. Soil cores were divided into depth increments of 0–15,
15–30, and 30–60 cm. Samples were stored in a cold room at 4 °C.
2.4. Root cleaning
Root tissues were separated from soil particles using a root washing
system (Smucker et al., 1982; Hirte et al., 2018; Hydropneumatic
Table 1
Literature studies reporting root mass and/or length data and their sampling position and depth in corn and soybean crops with ∼76 cm row spacing.
Crop Species Row spacing (cm) Sampling distance from plant row (cm) Sampling depth (cm) Reference
Maize 76 20 100 Jarchow et al. (2015)
Maize 75 10, 20 70 Aina and Fapohunda (1986)
Maize 71 0, 18, 35.5 75 Mengel and Barber (1974)
Maize 76 0, 19, 38 120 Anderson (1987)
Maize 76 0, 38 30 Kaspar et al. (1991)
Maize 76 0, 38 140 Dwyer et al. (1995)
Maize 77 0, 18 60 Durieux et al. (1994)
Maize 75 0, 37.5 90 Eghball and Maranville (1993)
Maize 75 12 90 Oikeh et al. (1999)
Maize 75 0 50 Buyanovsky and Wagner (1986)
Maize 75 0, 18.5, 37.5 180 Mayaki et al. (1976)
Maize 75 0, 9.4, 18.8, 37.5 100 Qin et al. (2006)
Maize 75 15 75 Hirte et al. (2018)
Maize 76 0, 18, 36 110 Russell et al. (2009)
Maize 75 37.5 30, 150 Wiesler and Horst (1994)
Maize 75 5, 15, 37.5 50 Chassot et al. (2001)
Maize 76 20 30 Dietzel et al. (2015)
Maize 76 20 100 Dietzel et al. (2017)
Maize 76 20 100 Nichols et al. (2016)
Soybean 76 0 120 Benjamin and Nielsen (2006)
Soybean 76 20 100 Jarchow et al. (2015)
Soybean 75 5, 15, 25 60 Li et al. (2017)
Soybean 75 0 50 Fernández et al. (2009)
Soybean 76 10 120 Devries et al. (1989)
Range 71–77 0–38 30–180
Average ± SE 72 ± 13 17 ± 14 86 ± 43
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Elutriation System, Gillison’s Variety Fabrication). The cleaning process
consisted of four steps: 1) soil samples were soaked in a solution of
sodium hexametaphosphate (10 g per liter of water); 2) root tissues and
soil particles were separated through the combined eﬀect of pressurized
spray jets and air ﬂow, allowing the roots to collect in a 530-μm sieve;
3) root tissues and remaining organic particles collected in the sieve
were placed into a plastic tray and tweezers were used to separate the
root tissue; and 4) recovered root tissues were stored in a glass jar with
75% aqueous-ethanol solution (v/v) and at 4 °C.
2.5. Root scanning
Root tissues were placed in a 24× 35 cm transparent poly methyl
methacrylate tray in about 0.5 cm lamina of water to avoid overlapping
roots and for ease of manipulation. The tray was placed on the scanner,
and the roots were scanned at 720 dpi using an EPSON V800 scanner.
2.6. Root mass and root length determination
Root tissues were oven-dried for 72 h at 60 °C until at a constant
weight. Total dry weight of roots was determined using an analytical
scale. Root mass observed in each soil core fraction was extrapolated to
a unit area (kg ha−1) by assuming uniform distribution:
=Total root mass 10,000* root mass
(π*(probe diameter *0.5) )
*102 (1)
where 10,000 is used to convert units from m2 to hectares; root mass is
the measured mass in grams observed in the proﬁle section; π is 3.14;
and probe diameter was 6.20 cm in our study.
The weighted average root mass value per unit area (and per layer)
was calculated by averaging the four sampling positions that covered
the entire space between row crops (Fig. S1).
Total root length (cm) was measured from the fresh root tissue for
each layer. Total root length was calculated by analyzing each scanned
root image using WinRhizo Pro software, 2009 (Regent Instruments,
Inc., Quebec City, QC, Canada). Total root length (cm per sample) was
converted to km root per m2 area.
2.7. Weighted average algorithm development
Data analysis showed that root mass and length data follow an ex-
ponential decay pattern with distance from the plant row. We ﬁt a non-
linear exponential decay model that has biologically meaningful para-
meters and enough ﬂexibility to deal with diﬀerent patterns
(Archontoulis and Miguez, 2015; see also Fig. S3 for a schematic and
Fig. 1 in the results section):
= − +
−Root attribute Yo plateau e plateau( )* *k X( ) (2)
where Yo is the maximum root attribute value at 0 cm distance from the
plant row; plateau is the lowest root attribute value; k is the exponential
decay rate constant; and X is the position from plant row (in cm).
To identify whether root mass and length data followed the same
patterns across all testing factors (crops, sites, and layers) we normal-
ized the observed data to a 0–1 scale, ﬁt Eq. (2) and compared model
parameters (see statistics). Then we used the derived relative functions
per crop and root attribute to develop an equation to calculate the
weighted average value per unit area (Eq. (3)):
=
− +
−
Weighted average Measured root value C
plateau e plateau
*
(1 )* *k Measured position( ) (3)
where measured root value is the observed root attribute value (either
total root mass or length value across the proﬁle or speciﬁc layer) at a
speciﬁc sampling position; measured position is the distance from plant
row (in cm); 1 is the maximum value on a 0–1 scale; k is the decay rate
constant (see parameter values in Table 1); plateau is the lowest root
attribute value (see parameter values in Table 1); and C is a derived
empirical coeﬃcient representing the mean relative weight across four
distances (0, 12, 24, 36 cm) that is determined by k and plateau para-
meter values (see Table 1). Eq. (3) converts root attributes measured at
any point between 0–36 cm distances from the plant row to a unit area
weighted average value. Eq. (3) is simple to use and requires two user
inputs: the root attribute value and the position from the plant row. The
additional input requirements are given in Table 1.
To validate Eq. (3) we used data from literature that encompassed
diﬀerent environments, cultivars, and management practices
(Fehrenbacher and Alexander, 1955; Mayaki et al., 1976; Anderson,
1988; Gajri et al., 1994; Qin et al., 2006; Li et al., 2017). In this vali-
dation we considered studies that have 3–4 sampling points so we could
calculate the true weighted average and benchmark the performance of
Eq. (3).
2.8. Statistical analysis and parameter estimation
A split-plot analysis using the measured root mass and length values
per crop was used to test the signiﬁcant diﬀerences between sampling
positions (0, 12, 24 and 36 cm), and soil layer (0–15, 15–30, 30–60 cm).
Sampling point was the main factor and soil layer the sub-factor (Fig.
S4). The SAS 9.3 statistical package(SAS institute Inc., Cary, NC, U.S.)
was used with Tukey’s test to detect statistically signiﬁcant diﬀerences
among treatments.
Non-linear model ﬁts to the individual data (sites x crops x soil
layers) and parameter estimation was done in GraphPad Prism 7.02
(GraphPad Software, Inc. San Diego, CA, USA). To detect statistical
signiﬁcant diﬀerences on root parameter estimates (Eq. (3)) between
sites, and soil layer we performed a second split-plot analysis of var-
iance per crop with SAS. Site was the main factor and soil layer the sub-
factor.
3. Results
3.1. Total proﬁle root mass and length
Across the 0–60 cm soil proﬁle, and averaging across four sampling
positions, maize had 21% more root mass and 21% more root length
compared to soybean. Root mass and length were signiﬁcantly aﬀected
by sampling position (p < 0.001) and crop species (p < 0.05).
Research farm location (Boone vs. Kelley) had a non-signiﬁcant eﬀect
(p > 0.3) on root attributes.
Total root mass and length declined exponentially as distance from
the plant row increased (Fig. 1). Crop species and root attribute sig-
niﬁcantly aﬀected the shape of the obtained relationship. Eq. (2) cap-
tured 70–95% of the observed variability (see R2 values in Fig. 1).
Maize root mass and length declined more rapidly than soybean as the
distance from the plant row increased (Fig. 1 and Table 2).
Compared to the weighted average, sampling 0 cm from the plant
row over-estimated unit area root mass by 50 and 82% whereas sam-
pling at 36 cm from the plant row under-estimated unit area root mass
by 29 and 39% in maize and soybean, respectively. Similar trends were
found for root length (Fig. 1). The optimum sampling point (deﬁned as
the one that produces values near the weighted average) was 10.0,
10.5, 10.4 and 9.8 cm from the plant row for maize mass, maize length,
soybean mass, and soybean length, respectively.
3.2. Soil layer eﬀects on root mass and length
In terms of actual values, the eﬀect of soil layer (0–15 vs 15–30 vs
30–60 cm) on root attributes was greatest and in most cases statistically
signiﬁcant when samples were taken 0 cm from the plant row (Fig. S4).
The eﬀect diminished with increasing distance from the plant row.
Overall, 76 and 80% of the root mass in maize and soybean crops were
concentrated in top 30 cm soil layer.
In terms of relative values, root attributes followed an exponential
R.A. Ordóñez et al. European Journal of Agronomy 96 (2018) 156–162
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decay pattern regardless of soil layer (Fig. 2). Eq. (2) accounted for
33–76% of the variation in maize and 60–93% of the variation in
soybean root attributes per layer (see R2 values in Fig. S5). Eq. (2) ﬁt to
the data substantially improved when values were combined across
layers (Fig. S5; Fig. 1). Statistical analysis of Eq. (2) parameters (k and
plateau; see Fig. 2 inset) showed no signiﬁcant eﬀects of experimental
location on root parameter estimates per crop species. Soil layers af-
fected the root parameters values in few cases but the eﬀect was not
consistent.
3.3. Weighted average root attribute algorithm
Application of Eq. (3) to the entire calibration dataset (crops, sites,
soil layers) showed very good correlation with the measured data with
an R2 of 0.70 for mass and R2 of 0.87 for length and a slope near to 1
(Fig. 3). Eq. (3) substantially reduced the over- and under-estimation of
root mass and length, which originally ranged from −39 to +82%
(Fig. 1), to only 3–8% error (data not shown). We also noticed that the
prediction accuracy of Eq. (3) improved further (data not shown) when
we used to two sampling points (e.g. 0 cm and 36 cm) and then aver-
aged the predictions instead of using a single point (e.g. anywhere from
0 to 36 cm).
Eq. (3) performed well in the validation dataset that encompassed
very diﬀerent environments, cultivars, and management practices
(Fig. 3). It predicted the weighted average root mass and length with R2
values of 0.95 and 0.70 for maize, and 0.93 and 0.87 for soybean. More
importantly, the slope of the line was near 1 which shows that our
model is robust and can be used across diverse environments. On
average, the error between measured and predicted values for maize
mass and length was 18.7% and 4.5%; in the case of soybean, these
values were 18.2% for mass and 1.8% for length.
4. Discussion
4.1. The eﬀect of sampling position on root attributes
Root mass and length provide valuable insight into factors gov-
erning crop production and soil carbon and nitrogen cycling, but the
estimation and extrapolation of root attributes from a single soil core to
unit area in row crops remains under-developed (Maeght et al., 2013;
Paez-Garcia et al., 2015). Sampling position can substantially bias es-
timates (from −34 to + 66%) and therefore compromise conclusions
Fig. 1. Total proﬁle root mass and length as aﬀected by
position sampling. Circle and square symbols indicate
measured data across two sites (including the standard
deviation), exponential decay lines are ﬁts from Eq. (2)
(R2= 0.94, 0.99, 0.96 and 0.99 for panels a, b, c, and d,
respectively). Horizontal black lines illustrate the
weighted average root attribute value and vertical dotted
lines indicate the ideal sampling position. Percent’s in-
dicate sampling position over/under-estimation as a pro-
portion of the weighted average value.
Table 2
Parameter values (standard error of estimates in parenthesis) used in the weighted average algorithm (Eq. (3)). Diﬀerent parameters are provided per crop and per
root attribute (mass and length).
Eq. (3) parameters Root mass Root length
Maize Soybean Maize Soybean
Plateau 0.527 (± 0.021) 0.354 (± 0.094) 0.663 (±0.076) 0.474 (± 0.114)
k 0.325 (± 0.013) 0.079 (± 0.022) 0.085 (±0.028) 0.080 (± 0.020)
C 0.647 0.612 0.792 0.628
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Fig. 2. Relative root attribute values per crop and per soil layer as aﬀected by sampling position. Data are ﬁts from Eq. (2) for every 2 cm increment from the plant
row (see Suppl. Fig. S5 for a comparison between measured and predicted data by layer). Statistical analysis results are shown in the inset panels.
Fig. 3. Measured versus predicted weighted average root attribute values using Eq. (3). Panels a) and b) refers to calibration data (this studies crops x sites x soil
layers) and panels c) and d) to validation data from literature studies.
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derived from root studies. This means that researchers should be cau-
tious about extrapolating readily available information from the lit-
erature for subsequent calculations (Amos and Walters, 2006;
Robinson, 2007). It also means that it is very important to thoroughly
document root attribute values and sampling position in every scientiﬁc
paper.
In maize and soybean crops with 76 cm row spacing, the ideal
sampling position to obtain a value as close to the true weighted
average is about 10 cm from the plant row (Fig. 1). This result agrees
with previous studies (Devries et al., 1989; Oikeh et al., 1999) and
further informs future eﬀorts in measuring root attributes using a single
sampling approach.
The relationship between maize and soybean root attributes versus
position sampling was not diﬀerent across experimental locations
(Figs. 1 and 2). Similarly, Liedgens and Richner (2001) reported no
diﬀerences across experimental years. This means that the environment
(soils, weather years) is not the main factor determining the above
relationship in soil without physical constraints and in years without
extreme weather. In contrast, crop species had a signiﬁcant eﬀect on
this relationship in this study (Fig. 2; Table 2) as well as other studies
(Fernández et al., 2009; Gao et al., 2014). This was expected given the
diﬀerent root architecture between crops (Lersten and Carlson, 2004).
Soil layers somewhat but not consistently aﬀected the shape of re-
lationship between root attributes and sampling position. Similar
ﬁndings were reported by Liedgens and Richner (2001). Determining
the eﬀect of soil layer on the aforementioned relationship is complex
and a ﬁne sampling resolution of equal distance across the entire proﬁle
is needed to draw robust conclusions (i.e. soil layers every 5 cm). In this
study, we divided the soil proﬁle into 15 cm (top soil) and 30 cm
(bottom soil) layer, which probably inﬂuenced the eﬀect of soil layers
(Fig. 2). Future studies can explore this in more detail.
4.2. A new algorithm to estimate weighted average root attribute values
We developed a new algorithm (Eq. (3)) to correct for sampling-
position errors from existing literature data and provide more re-
presentative weighted averages for root carbon budgets, crop model
calibration exercises, root/shoot estimations, and other agronomic as-
sessments (McGranahan et al., 2014; Fan et al., 2016; Yang et al.,
2017). The algorithm (Eq. (3)) is easy to use and requires only two
inputs: the measured value and position from the plant row. It has
biologically meaningful parameters that capture much of the known
diﬀerences in maize and soybean root systems (Gao et al., 2014). The
diﬀerences in root systems between these crops is demonstrated by the
k and plateau parameters (Table 2). Maize root mass declined four
times faster and reaches the plateau earlier than soybean does. Fur-
thermore, Eq. (3) can handle diﬀerent units for mass and length as it is
based on a relative function (Fig. 2). Finally, Eq. (3) performed well
across diverse environments and growing conditions (Fig. 3). Future use
of Eq. (3) will decrease the uncertainty associated with choosing an
appropriate sampling point, which is sometimes associated with logis-
tical and equipment constraints.
In this study, we considered the 0–60 cm proﬁle and not the entire
0–180 cm proﬁle that roots can explore in this environment (Ordóñez
et al., 2018). The reason is that the top 60 cm soil volume accounts for
the majority of the root mass and length. Also, the diﬀerences in actual
mass and length between sampling points becomes less noticeable
below 60 cm (Fig. S2; Aina and Fapohunda, 1986). Despite the fact that
Eq. (3) was parameterized using data from the 0–60 cm proﬁle, it is still
valid for use in studies measuring roots beyond 60 cm depth as evi-
denced in the validation tests (Fig. 3). Three of the validation datasets
had observations below 60 cm that veriﬁes the ﬂexibility and usefulness
of Eq. (3) (Fig. 3).
Root mass and length develop over the course of a crop’s life cycle.
In a previous study we found that maize reaches maximum root depth
(and therefore mass and length) around silking time and soybean at
early reproductive stages (Ordóñez et al., 2018). Then, depending on
source-sink plant relationships and soil conditions (e.g. existence of
shallow groundwater), the roots can further accumulate or lose mass
until physiologically maturity. In our study, root samples were taken
two weeks after physiological maturity and there was no loss or gain in
root mass since the beginning of grain ﬁlling (data not shown). Our
equation is valid for application at any time during the grain ﬁlling
period up to two weeks after maturity but uncertain for early vegetative
stages when roots are still developing. Liedgens and Richner (2001)
showed diﬀerent root distribution patterns from the 3rd to the 9th leaf
stage in maize. This is something that can be explored in a future study.
5. Conclusions
This work ﬁlls an important knowledge gap regarding the position
eﬀect on root attribute estimates for two economically important crops,
maize and soybean. The analysis of newly collected data and the de-
velopment of a generic algorithm can assist both future sampling eﬀorts
as well as minimize bias in existing root data for subsequent use in soil-
root carbon budgets, root/shoot estimations, crop modeling calibration
tasks, and agronomic assessments.
Acknowledgements
Funding for this study provided by the Iowa Soybean Association
and the Plant Science Institute of Iowa State University. We thank
Fernando Miguez and Kenneth Moore for statistical advice, and Ranae
Dietzel for helpful discussions.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.eja.2018.04.002.
References
Aina, P.O., Fapohunda, H.O., 1986. Root distribution and water uptake patterns of maize
cultivars ﬁeld-grown under diﬀerential irrigation. Plant Soil 94, 257–265.
Amos, B., Walters, D.T., 2006. Maize root biomass and net rhizodeposited carbon: an
analysis of the literature. Soil Sci. Soc. Am. J. 70, 1489–1503.
Anderson, E.L., 1987. Corn root growth and distribution as inﬂuenced by tillage and
nitrogen fertilization. Agron. J. 79, 544–549.
Anderson, E.L., 1988. Tillage and N fertilization eﬀects on maize root growth and
root:shoot ratio. Plant Soil 108, 245–251.
Archontoulis, S.V., Miguez, F.E., 2015. Nonlinear regression models and applications in
agricultural research. Agron. J. 107, 786–798.
Benjamin, J.G., Nielsen, D.C., 2006. Water deﬁcit eﬀects on root distribution of soybean:
ﬁeld pea and chickpea. Field Crops Res. 97, 248–253.
Buyanovsky, G.A., Wagner, G.H., 1986. Post-harvest residue input to cropland. Plant Soil
93, 57–65.
Chassot, A., Stamp, P., Richner, W., 2001. Root distribution and morphology of maize
seedling as aﬀected by tillage and fertilizer placement. Plant Soil 231, 123–135.
Devries, J.D., Bannetl, J.M., Albrecht, S.L., Boote, K.J., 1989. Water relations: nitrogenase
activity and root development of three grain legumes in response to soil water def-
icits. Field Crops Res. 21, 215–226.
Dietzel, R., Jarchow, M.E., Liebman, M., 2015. Above- and belowground growth biomass,
and nitrogen use in maize and reconstructed prairie cropping systems. Crop Sci. 55,
1–14.
Dietzel, R., Liebman, M., Archontoulis, S.V., 2017. A deeper look at the relationship
between root carbon pools and the vertical distribution of the soil carbon pool. SOIL
3, 139–152.
Durieux, R.P., Kamprath, E.J., Jackson, W.A., Moll, R.H., 1994. Root distribution of corn:
the eﬀect of nitrogen fertilization. Agron. J. 86, 958–962.
Dwyer, L.M., Ma, B.L., Stewart, D.W., Hayhoe, H.N., Balchin, D., Culley, J.L.B.,
McGovern, 1995. Root mass distribution under conventional and conservation til-
lage. Can. J. Soil Sci. 76, 2328.
Eghball, B., Maranville, J.W., 1993. Root development and nitrogen inﬂux of corn gen-
otypes grown under combined drought and nitrogen stresses. Agron. J. 85, 147–152.
Fan, j., McConkey, B., Wang, H., Janzen, H., 2016. Root distribution by depth for tem-
perate agricultural crops. Field Crops Res. 189, 68–74.
Fehrenbacher, J.B., Alexander, J.D., 1955. A method for studying corn root distribution
using a soil-core sampling machine and a shaker-type washer. Agron. J. 47, 468–472.
Fernández, F.G., Brouder, S.M., Volenec, J.J., Beyrouty, C.A., Hoyum, Raymond, 2009.
Root and shoot growth, seed composition, and yield components of no-till rainfed
soybean under variable potassium. Plant Soil 322, 125–138.
R.A. Ordóñez et al. European Journal of Agronomy 96 (2018) 156–162
161
Gajri, P.R., Arora, V.K., Kumar, K., 1994. A procedure for determining average root length
density in row crops by single-site augering. Plant Soil 160, 41–47.
Gao, K., Chen, F.J., Yuan, L.X., Mi, G.H., 2014. Cell production and expansion in the
primary root of maize in response to low-nitrogen stress. J. Integr. Agric. 13,
2508–2517.
Hatﬁeld, J., Takle, G., Grotjahn, R., Holden, P., Izaurralde, R.C., Mader, T., Marshall, E.,
Liverman, D., 2014. Ch. 6: agri¬culture. climate change impacts in the United States.
In: Melillo, J.M., Richmond, Terese (T.C.), Yohe, G.W. (Eds.), The Third National
Climate Assessment. U.S. Global Change Research Program, pp. 150–174. http://dx.
doi.org/10.7930/J02Z13FR.
Hirte, J., Leifeld, J., Abiven, S., Mayer, J., 2018. Maize and wheat root biomass vertical
distribution, and size class as aﬀected by fertilization intensity in two long-term ﬁeld
trials. Field Crop Res. 216, 197–208.
Jarchow, M.E., Liebman, M., Dhungel, S., Dietzel, R., Sundberg, D., Anex, R.P.,
Thompson, M.L., Achua, T., 2015. Trade-oﬀs among agronomic, energetic, and en-
vironmental performance characteristics of corn and prairie bioenergy cropping
systems. GCB Bioenergy 7, 57–71.
Kaspar, T.C., Brown, H.J., Kassmeyer, E.M., 1991. Corn root distribution as aﬀected by
tillage, wheel traﬃc, and fertilization placement. Soil Sci. Soc. Am. J. 55, 1390–1394.
Lersten, N.S., Carlson, J.B., 2004. Vegetative morphology. In: Boerma, H.R., Specht, J.E.
(Eds.), Soybeans: Improvemment, Production and Uses. ASA, CSSA, and SSSA,
Madison, WI, pp. 15–57.
Li, H., Mollier, A., Ziadi, N., Shi, Y., Parent, L.É., Morel, C., 2017. Soybean root traits after
24 years of diﬀerent soil tillage and mineral phosphorus fertilization management.
Soil Tillage Res. 165, 258–267.
Liedgens, M., Richner, W., 2001. Minirhizotron observations of the spatial distribution of
the maize root system. Agron. J. 93, 1097–1104.
Maeght, J.L., Rewald, B., Pierret, A., 2013. How to study deep roots–and why it matters.
Front. Plant Sci. 4, 199.
Mallarino, A.P., Sawyer, J.E., Barnhart, S.K., 2013. General guide for crop nutrient re-
commendations in Iowa. Publ. PM 168(Rev.). Iowa State Uni. Extension.
Mayaki, W.C., Teare, I.D., Stone, L.R., 1976. Top and root growth of irrigated and non-
irrigated soybeans. Crop Sci. 16, 92–94.
McGranahan, D.A., Daigh, A.L., Veenstra, J.J., Engle, D.M., Miller, J.R., Debinski, D.M.,
2014. Connecting soil organic carbon and root biomass with land-use and vegetation
in temperate grassland. Sci. World J. 487563, 9.
Mengel, D.B., Barber, S.A., 1974. Development and distribution of the corn root system
under ﬁeld conditions. Agron. J. 66, 341–344.
Nichols, V., Miguez, F., Sauer, T., Dietzel, R., 2016. Maize and prairie root contributions
to soil CO2 emissions in the ﬁeld. Crop Sci. 56, 2791–2801.
Oikeh, S.O., Kling, J.G., Horst, W.J., Chaude, V.O., Carsky, R.J., 1999. Growth and dis-
tribution of maize roots under nitrogen fertilization in plinthite soil. Field Crops Res.
62, 1–13.
Ordóñez, R.A., Castellano, M.J., Hatﬁeld, J.L., Helmers, J.M., Licht, M.A., Liebman, M.,
Dietzel, R., Martinez-Feria, R., Iqbal, J., Puntel, L.A., Córdova, S.C., Togliatti, K.,
Wright, E.E., Archontoulis, S.V., 2018. Maize and soybean root front velocity and
maximum depth in Iowa, USA. Field Crops Res. 215, 122–131.
Paez-Garcia, A., Motes, C.M., Scheible, W.R., Chen, R., Blancaﬂor, E.M., Monteros, M.J.,
2015. Root traits and phenotyping strategies for plant improvement. Plants 4,
334–355.
Qi, W.Z., Liu, H.H., Liu, P., Dong, S.T., Zhao, B.Q., So, H.B., Li, G., Liu, H.D., Zhang, J.W.,
Zhao, B., 2012. Morphological and physiological characteristics of corn (Zea mays L.)
roots from cultivars with diﬀerent yield potentials. Eur. J. Agron. 38, 54–63.
Qin, R., Stamp, P., Richner, W., 2006. Impact of tillage on maize rooting in a Cambisol
and Luvisol in Switzerland. Soil Tillage Res. 85, 50–61.
Robinson, D., 2007. Implications of a large global root biomass for carbon sink estimates
and for soil carbon dynamics. Proc. R. Soc. B 274, 2753–2759.
Russell, A.E., Cambardella, C.A., Laird, D.A., Jaynes, D.B., Meek, D.W., 2009. Nitrogen
fertilizer eﬀects on soil carbon balances in Midwestern U.S. agricultural systems.
Ecol. Appl. 19, 1102–1113.
Sawyer, J., Nafziger, E., Randall, G., Bundy, L., Rehm, G., Joern, B., 2006. Concepts and
Rationale for Regional Nitrogen Guidelines for Corn, PM2015. Iowa State University
Extension, Ames, IA, pp. 27.
Smucker, A.J.M., McBurney, S.L., Srivastava, A.K., 1982. Quantitative separation of roots
from compacted soil proﬁles by the hydropneumatic elutriation system. Agron. J. 74,
500–503.
USDA NASS, 2017. https://www.nass.usda.gov/Quick_Stats/.
Wiesler, F., Horst, W.J., 1994. Root growth and nitrate utilization of maize cultivars
under ﬁeld conditions. Plant Soil 163, 267–277.
Yang, H., Grassini, P., Cassman, K.G., Aiken, R.M., Coyne, P.I., 2017. Improvements to the
hybrid-maize model for simulating maize yields in harsh rainfed environments. Field
Crops Res. 204, 180–190.
R.A. Ordóñez et al. European Journal of Agronomy 96 (2018) 156–162
162
